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Figure 1.1: Primary energy consumption by fuel (Tseng et al., 2005) 
Hydrogen gas acts as a versatile energy carrier with potential for extensive use in 
power generation, electricity and in many other applications. Hydrogen is a clean 
and high energy content fuel (120 MJ/kg), which is three times higher than 
hydrocarbon fuels. Heating value ( 61, 100 Btu/lb) of hydrogen is nearly three 
times that of methane (23,879 Btu/lb) (Saratale et al., 2008). As shown in Figure 
1.2, the energy output from the combustion of hydrogen is considerably greater 
than from other sources of hydrogen-containing fuels. It can be seen that only 
solar-hydrogen offers the dual capacity of hydrogen fuel with zero C(h emissions 




















Figure 1.2: Amount of energy produced by combustion of different fuels and 
related carbon emissions. (Showing also the amount of carbon emission during 
hydrogen generation by methane reforming) (Nowotny et al., 2005) 
With direct injection, hydrogen engines can be operated at higher compression 
ratios compared to gasoline engines, increasing engine efficiency. Hydrogen engines 
are 20-25% higher in efficiency than comparable gasoline engines and practically 
hydrogen engines can achieve efficiencies of about 45% (Siripala, 2004). 
5 
1.5 Photocatalytic hydrogen production 
Semiconductor photocatalysis is an efficient method for the chemical utilization of 
solar energy. It is based on the surface trapping of light-generated charges, which 
induce interfacial electron transfer reactions with a great variety of substrates 
(Sa.khtivel et al., 2006). 
Light is an electromagnetic radiation that has both the properties of waves and 
particles. The electromagnetic spectrum can be divided into several bands based on 
the wavelength of the light waves. Visible light is just one particular type of 
electromagnetic radiation. The visible light represents a narrow group of 
wavelengths ranging from 380 nm to 740 nm. Figure 1.3 depicts the visible light 
wavelength. 
Ultraviolet (UV) light is electromagnetic radiation with a wavelength shorter than 
that of visible light, but longer than x-rays, in the range 10 nm to 400 nm, and 
energies from 3 eV to 124 eV. UV light is found in sunlight and is emitted by 
electric arcs and specialized lights such as black lights. As an ionizing radiation 
it can cause chemical reactions, and causes many substances to glow or fluoresce. 
Most people are aware of the effects of UV through the painful condition of 
sunburn, but the UV spectrum has many other effects, both beneficial and 
damaging, on human health. 
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Figure 1.3: Light Spectrum 
(Source: http://www.alldaysolar.com/index.php?page=technology) 
According to Chen et al., 2005 the photocatalytic activity of semiconductors is 
observed when electrons and the corresponding positive holes are generated in 
the conduction and valence band of the semiconductors, respectively, as a result of 
UV irradiation. These energetically excited species are able to initiate many 
chemical reactions. However, the recombination of these photo-induced 
electrons and holes can also occur very quickly. 
1.6 Types of Semiconductor Photocatalyst 
Water splitting using photocatalyst is not new. A lot of researches have been 
conducted and various types of new photocatalyst for water splitting have been 
developed. However, the numbers of reported photocatalyst that are able to 
decompose water into H2 and <h in a stoichiometric amount with a reasonable 
activity are limited. The width of the band gap and the potentials of the 
conduction and valence bands are important for the semiconductor photocatalyst 
material (Kudo, 2007). 
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There are many types of semiconductor which can act as a photocatalyst. Table 1.1 
shows the band gap energies and corresponding radiation wavelength required for 
the excitation of various semiconductors. 
Table 1.1: The band gap energies and corresponding radiation wavelength 
required for the excitation of various semiconductors 
Photocatalyst Band gap energy ( e V) Wavelength (nm) 
Ti(h (rutile) 3.0 413 
Ti02 (anatase) 3.2 388 
ZnO 3.2 388 
ZnS 3.6 335 
CdS 2.4 516 
F~0) 2.3 539 
W03 2.8 443 
Among the oxide semiconductor photocatalyst, titania (Ti02) has gained 
increasing attention owing to its biological and chemical inertness, yet strong 
oxidizing power and cost effectiveness (Chen et al., 2005). Titanium is the 
world's fourth most abundant metal (exceeded only by aluminium, iron, and 
magnesium) and the ninth most abundant element (constituting about 0.63% of the 
Earth's crust) (Liu et al., 2006). 
Titanium dioxide or titania (Ti<h) is considered as a good photocatalyst for 
hydrogen generation because of its excellent resistance to chemical and 
photochemical corrosion in aggressive aqueous environments and due to its 
high activity towards both light and water. It is also less expensive compared to 
many other photo-sensitive materials) (Liu et al., 2006). There are three naturally 
occurring Ti(h phases: anatase, rutile and brookite. 
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According to Carp et al., 2004, through his article, anatase is the most active phase 
and is widely used as a photocatalyst It is a metastable phase (that is why it is the 
most active of the three varieties) of Ti02 which can be transformed rapidly into 
the inactive rutile phase at temperatures above 600°C. The structures of rutile, 
anatase and brookite can be discussed in terms of (Ti02 ~ octahedrals. The three 
crystal structures differ by the distortion of each octahedral and by the assembly 
patterns of the octahedral chains. Anatase can be regarded to be built up from 
octahedrals that are connected by their vertices, in rutile, the edges are connected, 
and in brookite, both vertices and edges are connected. Figure 1.4 shows the crystal 
structure for these three phases) (Liu et al., 2006). 
(b) (c) 





2.1 Titanium dioxide as photocatalyst 
Looking at the history of titaniwn oxide - based photocatalyst, Kato and Mashiko 
were the first to report in 1959 on the simultaneous formation of hydrogen peroxide 
and carbonyl compounds by photo oxidation using a titanium oxide catalyst. 
Subsequently, in 1964 they reported on the photocatalytic decomposition oftetralin 
under coexisting Ti02 and UV light. While in 1972, Fujishima and Honda showed 
the photo-induced decomposition of water on Ti02 electrodes by UV light 
irradiation (Fujishima et al., 1972). 
As stated by Ni et al., 2007, the electronic structure of a semiconductor plays a key 
role in semiconductor photocatalysis. Unlike a conductor, semiconductors have a 
band gap (Eg) which is the difference between valence bands (VB) and conductor 
band (CB). Without excitation, both the electrons and holes are in the valence 
band. When semiconductors are excited by photons with energy (Eph), equal to or 
higher than their band gap energy level (Ebg), electrons receive energy from the 
photons and are thus promoted from VB to CB if the energy gain is higher than 
the band gap energy level. For semiconductor Ti~, the reaction is expressed in 
Equation I. 
Ti~ - e"ca + h+ va Equation 1 
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Figure 2.1 shows the principle of water splitting using a semiconductor 
photocatalyst. When light with energy larger than the band gap is incident on the 
photocatalyst, electrons and holes are generated in the conduction and valence 
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Figure 2.1: Reaction schemes for semiconductor photocatalyst (Kudo, 2007) 
For hydrogen production, the CB level should be more negative than hydrogen 
production level (EH/EH2o) while the VB should be more positive than water 
oxidation level (EH/EH2o) for efficient oxygen production from water by 
photocatalysis. The photocatalytic hydrogen production by Ti02 is shown in Figure 
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Figure 2.2: Mechanism of Ti(h photocatalytic water-splitting for hydrogen 
production. (Ni et al., 2005) 
2.2 Metal doping on TiOz 
Since photoinduced decomposition of water on Ti02 electrode was discovered, 
semiconductor photocatalyst have attracted much interest However, to date, like 
stated before, most photocatalyst are capable of absorbing only ultraviolet light, 
which accounts for only about 4% of incoming solar energy. Therefore, recent 
research has been focused on developing photocatalyst that are capable of 
utilizing the less energetic visible light, which accounts for about 43% of 
incoming solar energy (Liu et al., 2006). 
The ultimate goal is the direct utilization of solar energy, but the solar spectrum is 
relatively poor in UV light composition at the surface on Earth. As mentioned by 
Ni et al., 2007, the energy conversion efficiency from solar to hydrogen by 
Ti(h photocatalytic water-splitting is still low, mainly due to the following reasons: 
I. Recombination of photo-generated electron/hole pairs: Conduction 
electrons can recombine with valence band holes very quickly and release 
energy in the form of unproductive heat or photons. 
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2. Fast backward reaction: Decomposition of water into hydrogen and 
oxygen IS an energy increasing process, thus backward reaction 
(recombination of hydrogen and oxygen into water) easily proceeds; 
3. Inability to utilize visible light: The band gap of Ti(h is about 3.2eV and 
only UV light can be utilized for hydrogen production. 
Attempts to improve the performance of Ti02 as a photocatalyst and to extend its 
light absorption and conversion capacity to the visible portion of the solar 
spectrum have been the primary concern in many research (Ranjit et al., 1997). 
Continuous efforts have been ~ to promote the photocatalytic activity and 
enhance the visible light response. Addition of electron donors (hole scavengers), 
addition of carbonate salts, noble metal loading, metal ion doping, anion doping, 
dye sensitization, composite semiconductors, metal ion- implantation etc., \\ere 
investigated and some of them have been proved to be useful to enhance 
hydrogen production (Ni et al., 2007). 
Among them, transitional metal and rare earth metal ions have been widely 
researched as dopants to improve the photocatalytic efficiency of Ti02. As metal 
ions are doped into Ti02, impurity energy levels in the band gap are formed. This 
leads to alteration of electron hole recombination. Transitional metals are either 
deposited or doped on the Ti<h surfaces as metallic nanoparticles or the metals 
are doped as ionic dopants (Shon et al., 2009). A wide range of metal ions, in 
particular transition metal ions, have been used as dopants for Ti(h, and their 
effects on the properties of the doped samples have been reported (Ranjit et al. , 
1997). 
According to Choi et al.(1994), among the 21 metal ions studied, Fe, Mo, Ru, Os, 
Re, V, and Rh ions can increase photocatalytic activity, while dopants Co and AI 
ions cause detrimental effects. The different effects of metal ions result from their 
abilities to trap and transfer electrons/holes. For example, Cu and Fe ions can trap 
not only electrons but also holes, and the impurity energy levels introduced are 
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near to CB as well as VB edges of Ti0 2• Therefore, doping of either Cu or Fe 
ions could be recommended for enhancement of photocatalytic activity (Ni et al., 
2007). 
A qualitative analysis in investigating the effects of doping transitional metal ions 
(Cr, ~ Fe, Co, Ni, and Cu) on photocatalytic activity of Ti~ was carried out by 
Wu et al., 2004. Acetic acid photocatalytic oxidation was employed to evaluate 
the effects of different metal ion doping. As Cu, Mn and Fe ions can trap both 
electrons and holes, doping of these metal ions may work better than doping of Cr, 
Co and Ni ions, as the latter metal ions can only trap one type of charge carrier. 
2.3 Incorporating Ti~ with Iron 
Among many candidates, iron(DI) ion seems to be the most promising for this 
purpose. The most accepted explanation fo r the improved photocatalytic 
performance of iron-doped samples is the generation of shallow charge traps in 
the crystal structure which decreases the recombination rate of electron- hole 
pairs. At the same time, the absorption edge of the powders is shifted to the visible 
region. Introducing iron ions into the lattice of Ti~ therefore provides 
photocatalyst not only lowered electron-hole recombination rate but also with 
higher excitability by visible light (Ambrus et al., 2008). 
Khan et al., (2008) through his work also stated that the conduction band of Fe3+ 
doped titania consists mainly of broad Ti 3d and sharp Fe 3d orbital, while the 
valence band consists mainly of 0 2p. The band structures of Fe3+ doped Ti02 are 
proposed schematically in Figure 2.3 for hydrogen evolution in the water splitting 
reaction. 
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Figure 2.3: Proposed schematic of photocatalytic water splitting for 
hydrogen evolution in Fe/ Ti02 prepared by hydrothermal stabilization 
(Khan et al., 2008). 
It is generally recognized that the substitutional doping of Ti~ with iron Fe(III) 
has a profound effect on the charge carrier recombination. In intrinsic Ti~ the mean 
lifetime of an electron hole pair is about 30 ns. Doping with 0.5% Fe (ill) drastically 
increases the charge-carrier lifetime, which is extended to minutes or hours. The 
second role of iron doping is to decrease the activation energy of the anatase-to-rutile 
phase transition (Alexandrescu et al., 2007). Iron has been used to dope Ti02 and its 
photocatalytic activity was superior to the commercial Degussa P-25 under visible 
light irradiation (Shon et al., 2009). 
Teoh et al., 2007 also reported that Fe-doped Ti02 was found to have very high 
photocatalytic activity under visible light irradiation than Degussa P-25. Fe3+ 
cations acted as shallow traps in the Ti02 lattice. Optimum photocatalytic 
properties were achieved upon doping at a relatively weak level. This was 
closely related to the dynamics of the recombination process which was linked to the 
distance between dopant cations in the Ti02 lattice (Piera et al., 2003). 
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Fe ions trapped not only electrons but also holes, which led to increase in 
photoactivity. The maximum photoactivity appeared with 0.5 wt% of Fe3+ due to 
decrease in the density of the surface active centers. The added Fe atoms 
dissolved in Ti(h phase was found to have a rutile structure with average grain 
size less than 10 nm. Fe-doped powder had a higher absorption threshold in the 
range of 427-496 nm than the commercial P-25 powder (406 nm). The colour 




3.1 Preparation and pretreatment of Fe ffi(h Photocatalyst 
The effectiveness of a doped photocatalyst depends upon the selection and loading 
dopant as well as preparation method. The physical form of the dopant and its 
degree of dispersion on the base material (Ti02) are other important factors in 
this respect. The titanium dioxide that was used in this project is the commercial, 
Degussa P25. The catalyst was prepared by using the precipitation method, which 
is one of the most conventional technique for catalyst preparation. Precipitated 
catalysts are generally prepared by rapid mixing of concentrated solutions of 
metal salts, with precipitating agent which results in finely divided form of high 
surface area-material. 
3.1.1 Precipitation method 
Suitable amounts of Fe(N03)3 .9H20, glycerol and Ti02 were weighed 
into separate beakers. The iron salts based on the predetermined ratio 
were dissolved in 1 OOml of distilled water. Glycerol was added to the 
aqueous solution (Fe: glycerol mole ratio = 1 :2) in the beaker while being 
continuously stirred with magnetic stirrer at room temperature. 
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While stirring, the Ti~ was added into the solution to form a suspension. 
Then, 280 m1 of 0.25 M NaOH was added dropwise into the suspension 
with continuous stirring. After aging for 1 day, the precipitate was later 
filtered using afiltration set and dried at 70°C in an oven overnight. A total 
of 5 samples with different Fe loading (O.lwt"/o, 0.2wt"/o, 0.5wt"lo, l.Owt"/o 
and 1 Owt"/o ) were prepared. The temperature estimations for calcination 
process are 500°C and 600°C for 1 hour. The calcined catalyst were 
characterized and also screened for hydrogen production from water. 
Figure 3.1 summarizes precipitation method while Table 3.1 summarized the 
standardized notation for the entire catalyst preparation. Detailed 
calculation of the metal loading is provided in Appendix A. Calculation for 
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Figure 3.1: Flow diagram for the photocatalyst preparation & pretreatment. 
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Table 3.1 Standardized notation for the photocatalyst 
Photocatalyst Notation 
BareTi~ Ti~ 
0.1 wr»lo Fe!fi02 calcined at 500°C O.lFe 500 
0.2wt% Fe!fi02 calcined at 500°C 0.2Fe 500 
0.5wr»lo Ferri02 calcined at 500°C 0.5Fe 500 
l.Owr»/o Ferri~ calcined at 500°C l.OFe 500 
10.0wt% Ferri~ calcined at 500°C 10.0Fe 500 
0.1 wr»lo Fe!fi~ calcined at 600°C 0.1Fe 600 
0.2wr»/o Ferri~ calcined at 600°C 0.2Fe 600 
0.5wr»/o Ferri02 calcined at 600°C 0.5Fe 600 
l.Owr»/o Ferri~ calcined at 600°C l.OFe 600 
1 O.Owr»/oFerri~ calcined at 600°C lO.OFe 600 
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3.2 Photocatalytic reaction 
The photocatalytic reaction study was performed at room temperature using a 
multiport photocatalytic reactor schematically shown in Figure 3.2. About 0.1 g of 
catalyst was dispersed in distilled water. Then the mixture is placed in a multi-port 
reactor which is connected to a water displacement unit. The reactor was irradiated 
from 15 em distance by a 500 W halogen light The intensity of the light at this 
distance is measured as 368 W/m2 and reaction study was carried out for 2 hours 
in which the amount of gas evolved was monitored every 10 minute. 
Another series of reaction was conducted where a mixture of glycerol in distilled 
water (glycerol: water = 2ml: 8ml) were used in place of distilled water. Based 
on preliminary screening in distilled water and mixture of glycerol in water 
systems, the best photocatalyst was identified. Further reaction was also carried out 
in sea water (8ml) to study the effect of electrolyte on the catalytic performance. 
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Figure 3.2: Schematic of the multiport photocatalytic reactor (Yoong et al., 2009) 
3.3 Catalyst Characterization to determine the Properties of the Catalyst 
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3.3.1 Fourier Transform Infra-Red (FTIR) Spectra 
Infrared spectra of the catalyst samples were obtained using Perkin-
Elmer Spectrum One spectrometer. FfiR spectra are useful for the 
identification of functional groups (such as CH3-, N03-, -OH, C-0, etc.) 
present in the catalysts before and after the calcinations process. 
Approximately 1 mg of each sample powder was grinded with 200mg of 
IR-grade KBr. Then, the sample was transferred into a diecast and 
pressed into pellet using a hand-press. The disc was later placed in a 
sample holder to be scanned by the instrument. The FfiR spectrum of the 
pellet, taken over a wave number range of 4000 cm·1 - 400cm"1, was 
recorded as the percentage of transmittance (% n versus wavenumber. The 
functional groups are identified by characteristic peaks in the spectrum. 
3.3.2 Diffuse Reflectance UV-Vis (DRS) 
Diffuse Reflectance UV-Vis Spectrophotometry is very important to 
determine the band gap energy of photocatalyst samples. DR-UV-Vis 
spectra were recorded using a Perkin- Elmer Lambda 900 instrument with 
an integrating sphere attachment using BaS04 powder as an internal 
reference. The layer of sample was made sufficiently thick such that all 
incidents light was absorbed or scattered before reaching the back 
surface of the sample holder. 
Typically a thickness of 1-3 mm is required. The diffuse reflectance 
spectra were plotted as the Kubelka-Munk function or remission, F{R), 
versus wavelength. Based on the Kubelka-Munk equation; 




Reflectance, R= RsampJJ'Rreference 
The relative position of the catalysts absorption edge compared to Ti{h in 
the diffuse reflectance spectra is an important indication whether the 
absorption edge has been successfully shifted to the visible region. The 
band gaps (Eg) for a II t h e catalysts were determined from t h e 
extrapolation of the linear fit for the Tauc plot onto the photon energy 
axis. The Tauc plot is shown detailed in section 4.2.2 later. 
3.3.3 X-ray Diffractometer (XRD) 
X-ray diffraction finds the active phase located on Feffi{h catalyst. 
Monochromatic x-rays are used to determine inter-planar spacing of 
unknown materials and determine the bulk chemical species of the 
catalyst. Powder-XRD (Broker D8 Advance) was conducted on the 
catalysts with CuKa radiation of 40 kV, 40 rnA; 29 angles from 2° to 80° 
and scan speed of 4 o /min in order to identify the type of Fe species and 
also the Ti02 phases present. Anatase phase will be detected on the 
catalyst (the most active phase) for photocatalytic reaction.The XRD peaks 
are compared with standards in order to determine the species present in a 
sample. 
3.3.4 Field Emission Scanning Eledron Microscope (FESEM) 
The morphologies of the catalysts were determined using Hitachi-4700 
field emission microscope using an acceleration voltage of lOkV. FESEM 
is a type of electron microscope that images the sample surface by 
scanning it with a high energy beam of electron. Samples were coated 
with Pt and placed on a stage specially made for FESEM before the 






An FESEM picture is also expected to show how well the dopant 
material is dispersed on the base material, viz Ti02, in a catalyst sample. 
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CHAPTER4 
RESULT AND DISCUSSION 
4.1 Photocatalytic activity - hydrogen production 
The photocatalytic activities of Fe/ Ti02 were investigated in terms of iron loading. 
The amount of H2 for evolved after 2 hour of reaction in distilled water and 
mixture of glycerol in water for all the photocatalyst samples were displayed in 
Figure 4.1. For catalysts calcined at 500°C, the amount of H2 evolved increase for 
0.1 wf/o Fe and more for 0.2Fe. However, the amount of H2 produced gradually 
decrease with higher metal loading. Similar trend was observed for catalysis 
calcined at 600°C. It is shown that the best result is displayed by 0.2Fe_500 as it 
yields the highest amount of H2 (4.57mL) evolved. 
Overall, photocatalyst calcined at 500°C displayed better catalytic performance 
both in distilled water and mixture of glycerol in distilled water. Figure 4.2 
compares the performance of the photocatalytic activity in different media The 
present of glycerol enhances the amount H2 produces of regardless of the 
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Metal loadlng,wt% 
(b) 
Figure 4.1: Hydrogen generation with Ti02 and Fe/ Ti02 catalyst in (a) 
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Pure 0.1Fe 0.2Fe 0.5Fe 1.0Fe 10.0Fe 
Metal loadlnsr.wt% 
(a) 
Iii Distilled water 
Pure 0.1Fe 0.2Fe 0.5Fe 1.0Fe 10.0Fe 
Metal loadlns,wt% 
(b) 
Figure 4.2: Hydrogen gen~ration with Ti02 and Fe/ Ti02 catalyst calcined at (a) 
500°C and (b) 600°C calcination temperature in distilled water and the glycerol in 
distilled water. 
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Figure 4.3 shows the photocatalytic reaction for 0.2Fe_500 sample in distilled 
water (D) and mixture of distilled water and glycerol (G). It can be concluded 
that the hydrogen generation is better in the mixture of glycerol in distilled water 
compared to distilled water only. This is because glycerol as a hole scavenger help 
to increase the production rate of hydrogen gas. Instead of that, Figure 4.3 shows 
that the H2 evolution was proportionally increased as a function of irradiation time 

























Figure 4.3 : Hydrogen generation for 0.2Fe_500 photocatalyst in (a) distilled water 
and (b) glycerol for 2 hours. 
As stated before, it is shown that the best photocatalyst was 0.2Fe_500. Hence 
further reaction was carried out in sea water (8ml) to study the effect of 
electrolyte on the catalytic performance and again, it is shown that the mixture 
of glycerol in distilled produced more hydrogen compared to distilled water 
alone and sea water. However, in seawater, it is shown in Figure 4.4(a) that the 
photocatalyst reacted faster at the beginning compared to others. This is due to 
electrolyte properties in seawater. However, in the overall reaction of2 hours, the 
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Figure 4.4: Hydrogen generation using 0.2Fe_500 in different media (a) as a 
function of time and (b) after 2h reaction. 
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4.2 Catalyst Characterization 
4.2.1 Fourier Transform Infra-Red (FTIR) Spectra 
Figure 4.5 shows the FTIR transmission spectra of the Feffi02 
photocatalyst for before calcinations (Figure 4.5 (a)) and after calcinations 
temperature (Figure 4.5 ((b) and (c)). As shown in Figure 4.5 (a), in all the 
spectra, the absorption peaks around 1600cm·' and 3400cm·1 are attributed to 
the 0-H bending and stretching ,respectively while the IR band observed 
from 400 to 900cm·' corresponds to the Ti-0 stretching vibrations. 
The IR band also shown the absorption band at 1384 em·' which is 
attributed to the presence of nitrate (N03 -)group. 
Similar to Figure 4.5 (a), Figure 4.5 (b) shows the sanJe patterns which is the 
absorption peaks around 1600 em·' and 3400cm·' are attributed to the 0-H 
bending and stretching, respectively The IR band observed from 400 to 900 
em·' corresponds to the Ti-0 stretching vibrations. However, the IR band 
shown the absorption band at 1384cm·1which is attributed to the presence of 
nitrate (N03") group could not be detected clearly on the spectra indicating 
that the calcinations process was able to completely remove the N03" group 
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Figure 4.5: FTIR transmission spectra for Feffi02 photocatalysts (a) before 
calcination, after calcinations at (b) 500°C and (c) 600°C 
4.2.2 Diffuse Reflectance UV-Vis (DRS) 
The DR-UV-Vis spectra of the catalyst samples as well as of pure Ti02 
are depicted in Figure 4.6. The absorption threshold of bare titania (P25) was 
-400nm. When Ti~ are doped with iron, considerable shift of the peak 
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Figure 4.6: The DR-UV-Vis spectra of Ti02 and Fe/ Ti02 after calcinations at 
a) soooc and b) 600°C 
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The incorporation of iron ion shifts the absorption band to the visible 
range and this promotes the photocatalytic activity of Feffi02• Thus, it can 
be inferred that doping with a transition metal is one of the effective way for 
visible light response which can play a significant role in enhancing solar 
hydrogen generation. 
The UV-Vis absorption edge and band gap energies of the samples have 
been determined from the reflectance [F(R)] spectra using the KM 
(Kubelka-Munk) formalism and the Tauc plot. The extrapolation lines of 
the Tauc plot [F(R).hv]112 vs hv shown in Figure 4.7 have been used to 
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Figure 4.7: Plot of transformed Kubelka-Munk functions [F(R).hv] 112 
versus hv for Feffi{h and Ti{h samples to estimate band gap energies by 
linear extrapolation after calcinations at a) 500°C and b) 600°C 
The calculated values of the band gap energy are given in Table 4.1. All 
the catalysts displayed reduction in their band gaps compare to Ti{h. The 
calculated band gap energy for 'pure' Ti02 is also found to be 
3.27eV from the extrapolation of the corresponding plot. 
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Table 4.1: Band gap energies derived from UV-Vis data for the prepared 
samples compared to Degussa P25. 
Photocatalyst Band gap energy 
Ti02 3.27 
O.lFe 500 2.93 
0.2Fe 500 2.88 
0.5Fe 500 3.08 
l.OFe 500 3.04 
lO.OFe 500 2.94 
O.lFe 600 3.08 
0.2Fe 600 3.02 
0.5Fe 600 3.04 
l.OFe 600 3.09 
lO.OFe 600 2.93 
As shown in Table 4.1, the largest reduction in band gap is observed 
for 0.2Fe_500. However, the band gap energy was increased again for other 
iron loading. The red shift of the absorption edge in Feffi~ might be 
attributed to the excitation of 3d electrons of Fe3+ ion into the Ti02 
conduction band (charge transfer transition). 
4.2.3 X-ray Diffractometer (XRD) 
The XRD patterns of the Degussa P25 and Fe/ Ti~ are shown in Figure 
4.8. The peaks at 29=25.2° and 29=27.7° appear in all samples. They 
correspond to the main peak of anatase and rutile, respectively. It is 
notable that only anatase and rutile phase was observed without brookite 
phases in all of the modified samples. Peak shifting and Fe peak were not 
observed even in the lO.Owr'/o Feffi~ sample, indicating the high 
dispersion of Fe3+ without significant changing of the titania lattice. Refer 
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Figure 4.8: XRD diffractograms for Feffi{h and Ti{h photocatalysts after 
calcinations at a) 500°C and b) 600°C 
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4.2.4 Field Emission Scanning Electron Microscope (FESEM) 
Figure 4.9 shows FESEM images of0.2Fe_500 and 0.2Fe_600. The surface 
images were smooth and unifonn with a little roughness in all of the 
samples. This indicates that all the samples have uniform morphological 
surfaces and similar sizes, even after calcinations at 500°C and 600°C. It is 
believed that the iron clusters were evenly dispersed or incorporated into the 




Figure 4.9: FESEM micrographs of the Feffi{h and Ti{h photocatalysts 
In order to see the distribution of Fe in the photocatalyst, Ti and Fe 
mapping have been conducted. As shown in Figure 4.10 (a), it is shown that 
in 0.2Fe_500 photocatayst no Fe could be detected may be due to the 
amount of low Fe loaded. However, Fe was could be detected for 
1.0Fe_500 (Figure 4.10 (b)). It shows the homogeneity of Fe distribution 
on the photocatalyst prepared by precipitation method. For more metal 
mapping image, refer to Appendix G. 
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CONCLUSION AND RECOMMENDATIONS 
5.1 Conclusion 
A number of modification techniques and chemical additives have been developed 
in recent years to improve photocatalytic activity of Ti02 under visible light 
irradiation for hydrogen production. Presently, the hydrogen production rate 
obtained is low due to quick charge recombination, quick backward reaction and 
inability to utilize visible light efficiently. 
It can be concluded that the efficiency of Ti02 as a photocatalyst can be increased 
by making it active under visible light. This can be done by shifting the absorption 
edge ofTi02 towards the visible region (500-700nrn) to optimize its properties for 
photoproduction of hydrogen. Iron-doped titania samples prepared by precipitation 
method technique displayed better hydrogen production. From the result, it shown 
that the best catalyst is 0.2Fe _500 which produced 4.9mL of H2 from a mixture of 
glycerol in water medium. This is in agreement with the lowest band gap energy of 
2.88eV for 0.2Fe_500, determined from DRS UV-Vis. 
In principle, all these properties make the new specimens to be expected to possess 
a good photocatalytic activity. It is anticipated that the low cost, environmentally 
friendly photocatalytic water-splitting for hydrogen production will play an 
important role in the hydrogen production and contribute much to the coming 
hydrogen economy. 
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5.2 Recommendation and Future Work 
Further studies are recommended based on the current result especially from 
reaction studies. Preparation method and type of catalyst used in order to 
optimize the photocatalyst. The photocatalytic ion metal doped activity can be 
improved by increasing its surface area by changing the parameters such as aging 
time and also preparation method. The calcinations time can be changed to study 
the effect of calcination time on photocatalytic activity. 
For future work, experimental work will be done using palm diesel waste water 
instead of distilled water to see the effectiveness on catalyst for different 
medium. However, more literature review needs to be done continuously in order 
to get the best result. 
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APPENDIX A 
CALCULATION FOR IRON LOADING 
At. Catalyst preparation 
Table AI: Molar mass for chemicals involve in catalyst preparation 
Chemicals Molecular Formula Molar mass (g/mol) 
!Ferric Nitrate 1Fe(N03)J.9H20 404.00 
ron Metal IFe 55.85 
~itanium dioxide ~i02 79.87 
Glycerol k;JHs(OH)J 92.094 
Table A2: Summary of mass for respective loading of Fe on Ti02 
Fe (III) loading (wt %) 
Content 
0.2 0.5 I 10 
Amountofcatalyst(g) 20 20 20 20 
Mass of Fe (g) 0.04 0.1 0.2 2 
Mass of Ti02(g) 19.96 19.9 19.8 18 
Mass ofFe(NOJ)J.9H20 0.2893 0.7234 1.4467 14.4673 
Volume of glycerol (ml) 0.1047 0.2617 0.5235 5.2348 
A2. Sample of calculation for Fe (0.2wt %) preparation 
Basis: 20g of catalyst 
For 
I OOg of catalyst --+ 0.2g Fe metal 
20g of catalyst --+ x 
So, 
20g of catalyst 
X x0.2gofFe 1 oog of catalyst 
= 0.04g Fe metal 
Hence, 
55.85g ofFe+-+404.00g Fe (N03)3.9H20 
0.04gofFe 
0.04gofFe...... fF x 404.00g Fe (N03)3.9H20 55.58go e 
A3. Sample calculation of glycerol (0.2wt %) 
Note that; 
0.04g of Fe __ 2 _x_o_.o_4..::g:....o_f_F_e 
0.04g Fe = mol glycerol 55.58g /mol 55.58g /mol 
2 x 0.04g of Fe 92.094g 1 mol glycerol 
X X 55.58g /mol 1 mol glycerol 1.26g glycerol/mL 
= 0.1046 mL glycerol 
II 
APPENDIXB 
CALCULATION AND PREPARATION OF UIOL 0.25M NaOH 
81. NaOH Mass Calculation 
Molar mass for NaOH = 40 g!mol 
Numbers of mol (mol)~ 
mass (g) 
Molar mass ( -L1) mo 
Numbers of mol (mol) 
Molarity~ ------~~ 
Volume (L) 
Substitute equation (B 1) into (82); 
Molarity 
So, 












= 10.00 g ofNaOH 
82. Preparation ofNaOH Stock Solution 
1. I O.OOg ofNaOH pellets were weighed using the analytical balance scale. 
2. Then, the pellets were transferred and dissolved in 500rnl distilled water 
in a beaker. 
3. The diluted solution was poured into l.OOL volumetric flask, and 




AMOUNT OF HYDROGEN GENERATED 
T bl Cl H dr a e tyc I d t 500°C I . f t tur ogenevo ve a ca cma Ions empera e 
Photocatalyst Average Volume Hydrogen gas evolved (mL) 
H20 Glycerol + H20 
Ti02 2.2 2.3000 
O.lFe 500 2.5 2.8667 
0.2Fe 500 4.6 4.9333 
0.5Fe 500 3.7 3.7667 
l.OFe 500 3.0 3.1333 
IO.OFe 500 2.7 3.0667 
T bl C2 H dr I d t 600°C 1 · f t tu a e tyc ogen evo ve a ca cma Ions empera re 
Photocatalyst Hydrogen gas evolved (mL) 
H20 Glycerol + H20 
Ti02 2.2333 2.3000 
O.IFe 600 2.9333 3.0333 
0.2Fe 600 3.3333 3.5000 
0.5Fe 600 2.7667 2.8667 
I.OFe 600 3.0000 3.1000 
IO.OFe 600 2.4667 2.8000 
' ' ' I l I I I 
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